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SUMM4RY

Results are presented frcm an investigation of regions of separated
flow caused by separation of the lmninar boundary layer (laminar-
separation “bubbles”). The investigationwas undertaken to obtain meas-
urements which would define a krge number of these bubbles for a wide
range of Reynolds nunibersand pressure gradients. In this manner, exist-
iW3 physical interpretations of the flow along a bubble could be studied
in greater detail than in the past and, at the ssme tfie, it was hoped
that the data would provide further insight into the conditions which
control the occurrence and extent of a bubble.

Total- and static-pressure surveys, hot-wire-smemmeter observations,
and detailed pressure-distribution and liqyid-film measurements were made
in regions of separated flow on two airfoils. The measurements were
obtained for a wide range of angles of attack and for”Reynolds numbers
from 1.~ million to 10 mild.ion. A Mmited investigation of the effects
of an increase in the free-stream turbulence also was made.

The conditions which determine whether or not a bubble will form
after the occurrence of laminar separation were not ascertained. However,
apparently a necessary condition for the occurrence of a bubble, although
not a sufficient condition, is that the boundary-layer Reynolds number at .
the position of Mninar separation must be greater than a certain critical
value; this critical value, as evaluated by previous investigators, is of
the order of 500, based on the boundary-kyer displacement thichess.
When a bubble is formed the extent of separated laminar flow, near the
leading edge of an airfoil.,is approximately 75 to 85 percent of the total
extent of separated flow and depends primarily on both a measure of the
local Reynolds number of the laminar boundary-layer flow and on the
boundary-kyer thictiess at the position of laminar separation. There
also appears to be some relationship between the extent of separated kmi-
nar flow and the pressure distribution. An increase in the free-stresm
turbulence reduces the extent of separated flow in a manner somewhat
analogous to an increase 3n the Reynolds number. It was found that the
position of transition in a bubble can be ascertained with considerable
accuracy from detailed surface pressure-distributionmeasurements.
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INTRODUCTION

by a
Observations of local regions of separated flow have been reported
nurriberof investigators in the past (refs. 1 to 9). Briefly, these

regions of separated flow originate when a laminar boundary layer sepa-
rates from a surface. Transition to turbulent flow takes place in the
detached boundary hyer a short distance downstream from separation.
The flow then becomes re-established on the surface and passes on do~m-
stream with a turbulent boundary layer. The region underl@ng the
separated flow, between the Mmits of separation and reattachment, has
become cmmonly termed the ‘lardnar-sepamtion bubble.”

These regions of separated flow are best known because of their
occurrence on the upper surfaces of airfoils just behind the leading-edge
pressure peaks for Wge angles of attack (e.g., refs. 1, 2, 6, and 7).
Under such contitiorm, they are, as discussed by McCuJ.loughand Gault in
reference 10, an important factor in determining the boundary-layer and
stalling characteristics of airfoils covering a wide range of thickness
ratios. In addition, Bursnall and Loftin (ref. 8) have observed these
regions near midchord on comparatively thick airfoils for angles of ,)

attack near OO. However, the occurrence and importance of laminar-
separation bubbles are not necessarily restricted to the flow about air-
foils. Another investigation reportedly BursnalIland Loftin (ref. 11)

,,

and some unpublished liquid-fib and boundary-layer measurements obtained
in connection with reference 12 by Delany and Sorensen show that the
bubble flow can appear on circular cylinders for Reynolds numbers in the
supercritical ramge. Moreover, although the present report is concerned
only with subsonic conditions, regions of separated flow initiated by
laminar separation have been observed in supersonic flow (e.g.,Ackeret,
Fieldmann, andRott tiref. 13).

The formation of a bubble is, therefore, fairly common and may or
may not accompany transition from hninar to turbulent flow. It is lmown
that a lsminar boundary kyer will separate from the surface under the
influence of a sufficiently krge adverse pressure gradient. For a given
distribution of pressure the position of separations theoretically
fixed at a particular point along the surface. In contrast, transition
depends on many variables including Reynolds number, surface roughness,
and free-stream turbulence as well as pressure gradient; an increase in
any of these variables will, in genem.1, cause trsmsition to move upstream.
As a result, under some conditions, it is possible for transition to pre-
clude laminar separation and the formation of a bubble by originating
upstream of the point at which the laminar flow would detach from the
surface. For other conditions, however, separation can occur and transi-
tion will take place in the detached flow. The occurrence of separation,
although a necessary condition, of course, is not a sufficient condition
for the formation of a bubble. In some circumstances the flow does not
reattach to the surface and form a bubble but continues downstream in the
separated state to form a large turbulent wake. If the surface extends

n
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downstream a sufficient distance, this turbulent wake may eventually
reattach to the surface and form a region of separated flow which is, in
general, much larger than a bubble. However, such regions of sepsrated
flow appear to be qpite clifferent than the bubble type of flow and,
hence, are not considered herein (see ref. 10).

Jones recognized the occurrence of laminar-separationbubbles h
references 1 sad 2. Since then several investigators have attempted to
define, in q~titative terms, the conditions under which these regions
are formed and the variables which control the extent of sepanted flow
when a bubble is formed (von Doenhoff in ref. 3; Jacobs smd von Doenhoff
in ref. 4; Bursnall and Loftin in ref. 8; Maekawa and Atsumi in ref. 9;
OwenandKbnfer inref. 14). Essentially, three criteria are reqpired:
one for determining when transition precludes separation; a second for
determining when the detached flow will not reattach to the surface and
form a bubble; and a third for evaluating the extent of the bubble when
it iS formed. (E these three, only the latter two have been considered
in any detail and, as yet, no completely satisfactory criteria have been
found. The suggested criteria are either inconclusive due to the lack of
experimental data or inconsistent with results from subsequent experiments.

It was the purpose of the present investigation to obtain measure-
ments which would define a brge number of regions of separated flow for
a wide range of Reynolds numbers and pressure gradients. It was antici-
pated that in this manner, the existing physical interpretations of the
flow in a bubble could be checked in greater detail than in the past and,
at the ssme ti.me~it was hoped that the data would
into the conditions which deterdne the occurrence
separation bubbles.

NOTATION

provide further insight
and extent of laminar-

The symbols used throughout this report are defined as follows:

c

H

L

P

“ R

RL

airfoil chord, ft

total.pressure, lb/sqft

length of separated laminar

static pressure, lb/sq ft

Uoc
Reynolds number, ~

‘sepbsep
Reynolds number, ~

%@Reynolds number, ~

flow, measured along surface, ft

—.— .— — .-——
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Uosz
Reynolds number, ~

‘sepsZ
Reynolds’number, ~

UAsep
Reynolds nuder, ~

distance along ~er surface, measured from the leading edge, ft

%-Ppressure coefficient,
%-PO

velocity inside the bound&y layer, ft/sec

velocity outside the boundary layer, ft/sec

distance along airfoil chord line, measured from the leading
edge, ft

distance above surface, measured normal to the surface, ft

geometric angle of attack, deg

distamce along surface from stagnation to separation, ft

distance along surface from minimum pressure to separation, ft

Sp
~J dimensionless

boundary-layer thiclmess, arbitrarily defined as the distance
above the surface where u/U = 0.707, ft

total boundary-hyer thiclmess, ft

displacement thickness,
l’t(’ -:) ‘y> ‘t

u

mass density, slugs/cu ft

kinematic tiscosity, sq ft/sec

total length of separated flow, measured along the surface, ft

!!

,,

—



NACA TN 3505

Subscripts

5

.

“

sep position of lsminar separation

o free stream

AIT’ARATUS AND METHODS

Models

!bro5-foot-chordmodels were employed for this investigation. One
was contoured to the coordinates of the NACA 663-01.8airfoil section and
the other to a symmetrical airfoil section having a thicbess ratio of
approximately 10.5 percent of the chord (table I). For simplicity, the
thinner airfoil will hereinafter be referred to as the NACA 0010 (modified)
airfoil. The models, constructed of hminated pine with a veneer of
l/8-tich-thickmahogany ply-wood,spanned the 7-foot dimension of one of
the Ames 7- by 10-foot wind tunnels to simibte two-dimensionalflow.
Circular end plates, 6 feet in diameter, were at&hed to the models and
formed part’of the wind-tunnel floor and ceiling. The surfaces of the
malels were finished with lacquer and sandpapered and waxed to a high
gloss. Flush pressure orifices (as noted in table II) were provided along
the midspan of each model. A photograph of the NACA 663-018 airfoil
installed in the wind tunnel is presented in figure 1.

Equipment

Boundary-layer surveys were nmde using the apparatus sho~m in fig-
ure 2. The apparatus, remotely controlled fran outside the wind tunnel,
consisted of three basic ccmqonents: base, screw, amd lever assemblies.
The base is hollow and is provided with a small O ring which acts as a
pneumatic seal. By venting the interior of the base to a vacuum pump,
sufficient suction is obtained to make the apparatus adhere to the surface.
Rotation of the screw assembly rotates the lever about its fulcrum and
adjusts the ends of the survey tubes to the desired distance above the
surface with an accuracy of ~0.w5 inch. The distice above the s&ace
was measured with a micrometer microscope and was calibrated at each
chordwise station against a dial reading in the control unit.

The probe was constructed of stainless-steeltubing and consisted
of two total-pressureand one static-pressuretube. For rigidity,
0.0625-inch-outside-diametertubing was employed where the probe joined
the lever, and successively smaller diameters were then sleeved into the
main support. At the plsae of survey, 7.5 inches upstream of the base,
0.015- or 0.020-inch-outside-diametertubing was used, depending on the
thicbess of the boundary layer to be measured. The ends of the total-
pressure tubes were flattened to approximately oval shape and the wall
thicbess was reduced by honing with fine emery paper. All distances

-. . . ..———— —.— —— . —
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above the surface were measured to the center line of the tube opening.
The end of the static-pressuretube was constructed frcm 0.030-inch-
outside-diametertubing. Four static-pressureorifices, 0.008-inch
dismeter, were provided.

.

The hot-wire anemmeter employed for obser~ the velocity fluctu-
ations in the boundary layer and for measuring the free-stream turbulence
was designed to operate the heated wire at a constant temperature. The
amplifier had a flat response from 10 cycles to l&) kilocycles per second,
but for the present investigation filters were incorporatedwhich limited
the response to less than 12 kilocycles per second. A special circuit
was provided to cmpensate for heat lag in the wire. The square-wave
technique described by Kovasznay in reference 15 was used to determine the
proper compensation. Tungsten wire, nominaU y 0.00015-inch diameter, was
spot welded to the ends of common sewing needles for the hot-wire probe;
the wire length was approximately 0.1 inch (fig. 3). The probe was
attached to the models with a vacuum base similar to that described pre-
viously. The sensitivity of the equipment was adjusted so that only fluc-
tuations (root-m~-square values) greater than about 0.07 percent of the
mean flow were measured.

For investigating the effects of turbulence, the turbulence level of
the wind tumnel was increased by the instalhtion of a net woven frcm
commercial hard-drawn seine twine. The twine had a ncminal diameter of
5/32 fich ad the mesh of the net was 2.5 inches sqpare. The net was
positioned !0 mesh lengths upstream of the leading edges of the models.

All pressures were measured using liqtid-in-glass,multiple-tube
manometers. For the pressure distributions along the surface of the
models, vertical manometers with either water or tetrabrcmoethane (speci-
fic gravity approximately 1.96) were employed. The boundary-kyer surveys
were obtained using an inclined alcohol manometer.

Test Conditions

All data were obtained for constant values of the Reynolds number, R,
equal to 1.5, 2, 3, 4, 6, 8, and 10 million. The correspondingrange of
the free-stream llachnuder and dynamic pressure was approximately 0.04
to 0.29 and 2.5 to 120 pounds per square foot, respectively. Throughout
this range of variables the turbulence (stream’wisecanponent) of the wind-
tunnel air stream without the net was 0.15 to 0.20 percent of the free-
stream velocity. This level of turbulence occurred in a small core,
approximately 18 inches in diameter, around the longitudinal center line .

of the wind tunnel. From this core the turbulence gradually increased to
)

approximately 0.5 percent, 12 inches from the wind-tunnel walls. Since
all measurements of the separated flow were taken at the midspan of the .

models, the minimum value of turbulence is representative for all data
presented herein except when the turbulence
tion of the net increased the turbulence to

n~t was installed. Installa-
approximately 1.1 percent
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.

across the midspan of the models. AU. data presented herein, except
where noted, correspond to the turbulence level of the wind tunnel with-
out the net.

Test Procedures

The pressuxe distributions, for 1° increments of angle of attack,
were determined first for each airfoil in order to provide an indication
of the approximate locations of the regions of separated flow. For
Reynolds nmibers of 8 and 10 million, high sngles of attack were not
investigated due to limitations of the msmometers.

lliththe approximate locations of the separated flows known, measure-
ments were made to ascertain the positions of laminar separation, transi-
tion, and flow reattachment so that the extents of separated laminar flow
and the total extents of separated flow could be defined. Positions of
laminar separation near the leading edges of the airfoils were ascertained
by the liqtid-film method described in references 6 and 16. Although, in
several instances, spauwise variations in the position of separation were
as large as 0.10 inch, all determinations of the position of separation
were made at the ssme spanwise station as the pressure orifices and were
measured to the nearest 0.01 inch. No measurements of this type were
attempted for Reynolds numbers greater than 6 million because of the
excessive time reqyired to start and stop the wind tunnel. For the lowest
Reynolds numbers and singlesof attack, the liquid-film method did not give
a satisfactory indication of separation due to insufficient shearing forces
in the boundary-layer flow; for this reason the positions of separation
near midchord on the NACA 663-01_8airfoil were determined from detailed
boundary-layer surveys.

The positions of trsasition from hninar to turbulent flow in the
regions of separated flow were ascertitied primarily from the pressure
distributions by the method outlined in Appendix A. Hot-wire smemmeter
observations were also employed in sane instances to verify the positions
of transition indicated by the pressure distributions.

Positions of flow reattachment as indicated by the liquid-film tech-
nique (ref. 6) were vague and, consequently, near the leading edges they
were ascertained instead by indications of a single total-pressure tube
on the surfaces of the models. Reattachment at a given chordwise station
was determined within a range of O.~O angle of attack. Positions of flow
reattachment were ascertained near midchord on the IJACA663-01.8airfoil
only for a Reynolds number of 2 mildion and angles of attack of 0° and 2°.

pre~ary studies revealed that use of the boundary-layer survey
probe should be limited, due to probe deflections, to local dynamic pres-
sures at the vacuum disk less than approximately 30 pounds per square foot.
As a result, boundary-layer surveys were conducted only for a Reynolds
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nuuiberof 2 milJion. All surveys were conducted at the same spanwise
station as those of the flush pressure orifices in the models. Detailed
surveys of the boundary-layer flow through the regions of separated flow
were made only near midchord on the NACA 663-01-8airfoil for angles of
attack of 0° and 2°. These data were obtained to ascertain the positions
of laminar separation and to afford a cmparison with the data of Bursnall
and Loftin in reference 8. Boundary-layer surveys near the leading edges
of both airfoils were restricted to determining the boundary-layer thick-
ness at separation bsep.

u

.

Investigation of the effects of increased free-stream turbulence was
confined to pressure distribution and hot-wire-anemometer observations.

IU2SULTSAND DISCUSSION

Pressure Distributions

Rressure distributions along the surface on the NACA 0010 (mo~ied)
and 663-0Z8airfoils are presented in figures 4 and 5, respectively.’
Due to the bulk of the pressure data, only typical distributions are shown
to iUustrate the effect of Reynolds number for several angles of attack.
The highest values of angle of attack presented (12° and 15°, respectively,

Q

for the 10.5- and 18-percent-th.ickairfoils) correspond approximately to
conditions for ~ lift. For higher angles of attack, depending on
the Reynolds number, the airfoils either stalled or the flow became
unsteady so that duplication of conditions for a series of measurements”
was uncertain. The stXIJ-s of both airfoils were abrupt for values of
Reynolds mmiber less than 6 millionand were accompanied by a ccmplete
col&,pse of the leading-edge pressure peaks. This type of stall is appar-
ently the result of a complete flow separation near the leading edge
caused by separation of the laminar boundary layer without subsequent flow
reattachment (e.g., ref. 10). The st.dls, however, became more gradual as
the Reynolds number was increased to values greater than 4 million. The
change in stdd.iqg characteristics is significant since it indicates that
between Reynolds numbers of 4 and 6 million the regions of separated flow
near the leading edges eqerienced a change in conditions which prevented
(or at least delayed) a complete flow sepamtion following the occurrence
of lsminar separation.

It will be noted that, in general.,the pressure distributions are
faired to indicate abrupt breaks in the curves. As is shcnm in Appen&bx A,
the positions of these breaks correspond to the positions at which transi-
tion from laminar to turbulent flow was completed. The poor definition of Y

1~~ ~e presented here~ as a f~ction of the distance d.0~ the

surface s rather thm chordwise distance x. The relationship between
“

the two measures of distance is tabulated in table II as determined by
measurements of the two models.
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the distributions for the lowest Reyuolds nuuiberis attributable to the
smaldness of the manometer deflections.

Meas~ements
Edges of

Near the Leading
the Airfoils

Position of laminar separation.- The positions of laminar boundary-
Iayer separation (s/c) near the leading edges of the two airfoils
(as determined by the !?%&id-film technique) are presented in figure 6.
No se%rated :1OW was observed by this method for angles of attack less
than 4 and 7 for the 10.~- and 18-percent-thick airfoi&, respec~jvely.
Data for angles of attack greater than 12° and 15°, respectively, were
not obtained because of the imminence of the stall.

l~ithinthe limitations of these measurements, the position of laminar
separation for a given angle of attack was independent of the Reynolds num-
ber for Reynolds numbers from 1.5 million to 6 million. For a given pres-
sure distribution this result, of course, would be expected, but since the
pressure distributions for azgiven angle of attack (see figs. 4 and 5)
varied with Reynolds nuaiber, some change in the position of separation
with Reynolds number (fig. 6) might be-anticipated. The apparent varia-
tions in the pressure distributions are, howev

V-i’y ‘-es h ‘heabsolute magnitude of the coefficients rather tQan odif’icatlonsof the
distributions. As a result, any change~ in the positions of separation
with Reynolds number were negligibl small, and it is assumed in subse-

7quent analyses that the positions of @minar separation for Reynolds num-
bers of 8 and 10 million are the same as~ the lower values of Reynolds
number. \ ---

..- -

It is interesting to note in codection with figures 4 and 5 that the
occurrence of laminar separation u,d,~he presence of locally separated flow
was not always accompanied by a region of essentially constant pressure.
Regions of constant pressure observed in previous tivesti~tions are not
apparent in figures 4 and 5 except for the lowest values of Reynolds
number.

Boundary-Layer thickness at position of laminar separation.- The
variation of the bountiry-layer thiclmess at separation (~lc)sep with
angle of attack is presented in figure 7 for conditions near the leading
edges of the two airfoils. These data were obtained for a Reynolds num-
ber of 2 million by boundary-layer surveys at the positions of separation
(faired curves) sham in figure 6. me dete~tion Of bse for ~gher

fvalues of Reynolds numbers was, as mentioned previously, prec uded by
limitations in the survey probes. However, in order to provide values of

~sep throughout the Reynolds nmiber ramge from 1.5 to 10 million, it is

assumed that bsep/sZ varied in proportion to ~Usept~o)~. T(MS

2Due in part to associated changes in l&ch nwiber.

——- ——— ——... . ..—
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?

the analysis in reference 17 which indi-
is constant for a prescribed ~ressure .
is a correction factor to allow for the

change ~tich occurred inthe”mgnitide of the pressure coefficient with
Reynolds number for a given angle of attack. The correction was gener-
aJJ-yless than 8 percent and never exceeded lJ_percent for the results
presented herein.

Position of transition to turbulent flow.- Figure 8 presents the
variation of the position of transition ~tithangle of attack as determined
by the method discussed in Appendix A for the two airfoils for all.values
of the Reynolds numbers investigated. The curves represent the faired
values employed ti subsequent analyses. The position of laminar separa-
tion has been ticluded in figure 8 to show the large variation in the
extent of separated laminar flow with Reynolds number. With the thinner
airfoil for a Reynolds number of 10 million, transition is indicated to
have occurred upstream of the position for ~ separation for an angle
of attack of 4°. A similar result is also shown for the NACA 663-01.8air-
foil.for alJ_values of Reynolds nmber for 6° angle of attack.

“

Position of reattachment of the turbulent flow.- The positions of
flow reattachment measured on the two airfoils are presented in figure 9.
These data are limited to the same angles of attack-and Reynolds n~bers .
for which the liquid-film technique was employed. The positions of laminar
separation from figure 6 are included to indicate the total extent of the
regions OP separated flow. When these results are compared with those in
figure 8, it is interesting to note that the length of separated laminar
flow L was about 75 to 85 percent of the total extent of separated
flow A.

Comparison of experiment-al and calculatedpositions of laminar sepa-
ration.- In order to provide some basis for analyzing the conditions under
which transition precluded laminar separation and the formation of a bubble,
positions of lsminar separation were calculated for such conditions for
both the NAcA 0010 (modified)and 663-01_8airfoils titer the tests were
completed. These calculations were first performed for angles of attack
for which a bubble was known to have formed to provide a comparison between
experimental and calculated positions of laminar separation. Results of
these first calcuhtions for conditions near the leading edges of the air-
foils are summarized in the following paragraph. The calctited positions
Oflaminar separation near midchord on the l?ACA663-0,18airfoil and for
conditions when transition precluded the formation of a bubble are dis-
cussed in subsequent sections. The method of Wieghardt was employed for
the cslcuktions (ref. 18).

It WaS found that posttions of huinar separation calculated by the
method of reference 18 were in good agreement with the positions measured
experimentally for conditions near the leading edges of the two airfoils
when a bubble did occur. For example, on the NACA 0010 (modified)airfoil

—— —.——
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for an angle of attack of 4°, the calcukteds and eqerimental positions
of separation differ by slightly less than 4 ercent of the total etient

Tof lsminar boundary-layer flow (values of (s C)sep equal to 0.0381 and

0.0395, respectively). For the NACA 663-01-8airfoil at a angle of attack
of 7°, the calculated and qerimental results differ by less than 1 per-
cent of the tolxalextent of laminar boundary-layer flow (values of (s/c)sep
equal to 0.0280 and 0.0283, respectively). It should be mentioned that
the calculated boundary-layer thicknesses at the positions of separation

(blc)sep for these two conditions are 2.5xJ.0-4and 2.0x10-4 for the

NACA 0010 (modified)and 663-018 airfoils, respectively; the corresponding
values estimated from measurements at Reynolds nwbers of 2 million are,
respectively, 2.45f10-4 and 1.65M0-4. No explanation can be given for
the large (approxtitely 17 percent) discrepancy between the ix,To values
for the thicker airfoil, particularly in view of the excellent agreement
obtained for the NACA 0010 (modified)airfoil.

Measurements Near the Midchord of the
NAcA 663-018Airfoil

Boundary-layer surveys.- The results of boundary-layer surveys for
a Reynolds number of 2 million near the midchord of the NACA 663-018 air-
foil are presented in terms of the velocity profiles throt@ the regions
of separated flow in figwe 10 for angles of attack of 0° and 2°, respec-
tively. No separated flow was observed for @es of attack ~eater
than 2°. ~us, for the NACA 663-018 airfoil, transition aPparentlYPre-
cluded separation for angles of attack from 3° to 6° inclusive.

The bubble shapes (the regions bounded b the airfoil surface and the
contour along which the measured value of U~ = 0) derived from the veloc-
ity profiles are presented in figure 1-1. The upstream edges of the bubbles,
which should correspond to the positions of ~ separation, indicate
that separation occurred at values of s/c eqti to awroximately 0.62
and 0.61 for angles of attack of 0° and 2°, respectively. These indicated
positions of laminar separation, however, are suspect and the validity of
the measurements will be considered in a subsequent discussion.

Position of transition to turbulent flow.- The positions of transi-
tions near midchord on the NACA 663-~8 airfoil are sho~m in figure 8(b)
for Reynolds numbers frcm 1.5 to 10 million. Since the pressure orifices
in this region were more widely spaced than the orifices near the leading
edge, all indications of transition in the pressure diagrams were checked
throughout the Reynolds nuniberrange by means of hot-wire anemometer
observations.

Comparison with results from reference 8.- Similar measurements in
the region of separated flow near midchord on the NACA 663-018 airfoil are

%Cl_lcalculationswere based on the pressure distributionsmeasured
for a Reyuolds number of 4 million.

— -—...— —.—— -._.._ ——
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presented by Bursnall and Loftin in reference 8 for 0° angle of attack
and Reynolds numbers of 1.2, 1.7, and 2.4 million. Although a direct
comparison cannot be made for a specific value of Reynolds number, the
data frm reference 8 together with data from the current investigation
afford a comparison of results obtained in different wind-tunnel facili-
ties with somewhat different experimmtal techniques. A detailed compari-

ted, however, in view of the uncertainty in the measuredson is not 1~
positions of ladnar separation discussed in the following section.

Figure 12 presents a comparison of the shape and position of the
bubbles. Although the indicated positions of separation me different
for the ix,Toinvestigations, good correlation is obtained both as to the
shape and the etient of the bubbles.

Positions of transition to fully turbulent flow from the two inves-
tigations ~e compared h the following table:

s/c
mlo-= for transition Source

1.2 0.745 Ref. 8

1.7 .725 Ref. 8

2.0
● 71-5

Present
investigation

2.4 .704 Ref. 8

3.0 –.705 Present
-- tivestigation

4.0 .690 Present
investigation

w

.

The results correlate even though the turbulence level of the air
stresm for the reference data is a few hundredths of 1 percent in con-
trast to 0.15 to 0.20 percent for the current investigation.

Comparison of experimental and calculatedpositions of laminar
separation.- As mentioned previously, positions for laminar separation
were calculated to provide a comparison with measured positions of separa-
tion prior to anslyzing conditions under which transition precluded the
formation of a btible. These calculations included conditions on the
NACA 663-018 airfoil for angles of attack of 0° and 2°.

Due to the scatter in the pressure-distributiondata for Reynolds
numbers less than 3 million, it is not possible to calculate the boundary-
layer flow for the same Reynolds number (2 million) for which the detailed
boundary-layer surveys were obtained. Consequently, the calcubtions were .

perfozmed employing the pressure distributionsmeasured for a Reynolds
nuniberof 4 million. Separation was determined to have occurred at s/c
equal to approximately 0.66 in contrast to 0.62 and 0.61 indicated by the

M

boun~-layer surveys for (3°and 2°, respectively. The difference
between
over 40

the calculated and experimental positions of separation represents
percent of the measured extent of separated Mminar flow for a

—
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Reynolds number of 2 ndX1.ionand the calculations
precluded separation for Reynolds numbers greater
8 mi~ion.

13

indicate that transition
than’approx~tely

There is some evidence in reference 8 and figure 5(a) that the yosi-
tion of minimum pressure moves upstream as the Reyuolds nuniberis reduced
to less than 3 million. This, of course, would tend to move the calcu-
lated position of separation upstream and into better agreement with the
positions of separation determined experimentally. Such an effect of
Reynolds number on the position of separation, however, appears to be
small. By use of data from reference 8 for Reynolds numbers of 1.2and
2.4 million, positions for separation were calcuhted at values of B/c
between the limits of 0.645~o 0.66 and 0.65 to 0.66, respectively,
depending on the manner in which the pressure data are faired. Separation
vas measured at a value of s/c equal to aPproxtite~Y” 0.635. A compari-
son of the pressure distributions frcm these tests and reference 8 for
Reynolds numbers of 4 and 2.4milJ-ionj respectively, is presented in fig-
ure 13.4

In view of the author’s experience with the method of calculation
employed herek, the magnitude of the discrepanciesbetween calculated
and experimental results is considered significant and casts doubt on the
validity of the experimental results. In this connection it is interest-
ing that for values of s/c from 0.61 to 0.65 the shape, thicbess, and
growth of calctited velocity profiles are in good agreement with the
experimentalprofiles except in the immediate vicinity of the surface.
This result suggests that Imitations in the probe and its attendant
interferencewere the principal factors which influenced the measurements.
Accordingly it is emphasized that dab for conditions near midchord on
the NACA 663-018 airfoil presented herein and in reference 8 should be
used with caution. This reservation applies only to the boundsry-layer
surveys but, for this reason, these data are not employed h subsequent
analyses.

Effects of Ihcreased Turbulence
Position of Transition

on the

The effect of an increase in the free-stresm turbulence on the posi-
tion of transition in the regions of separated flow was exsMned briefly
on the NACA 663-01_8airfofl. As Wotid be expected, the increased turbu-
lence due to the turbulence net moved the transition upstream for all
conditions.

%he results frm reference 8have been normalized so that the values
of the pressure coefficient S at the position of mi.nhnm pressure axe
eqti for both investigations. This procedure sffects only the magnitude
of the coefficients and does not affect the calculated position of
separation.

-—. -- — ...—.,_ _ - .— ——...— _ ..——.— -- .
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For angles of attack of 0° and 2°, the bubble near the midchord vas
eliminated for a Reynolds number of 1.5 million. The exact position of
transition was not determined, but it is known that it occurred upstream
of the n-percent-chord station. No bubble occurred, of course, for the
higher values of Reynolds nuniber.

In contrast, the regions of separated flow near the leading edge were
not eliminated but were considerably reduced in extent ccqared with those
without the turbulence net. The positions of transition near the leading
edge with the net are shown in figure 14. The positions of separation
included in the figure are the same as in figure 6. Although no liquid-
film measurements were made with the net inst.died, pressure diagrams
indicated that little change in the positions of separation accompanied
the increase in turbulence level; that is, the net caused little change
in the pressure distributions except for the indication of earlier transi-
tion. The upstream movement of transition @lies a similar displacement
in the position of flow reattachment. It is interesting to note that the
increased level of turbulence reduced the extent of separated hninar flow
near the lea- edge in almost the same proportion as did a twofold
increase in Reynolds number with the net removed. Thus, for example, an
increase in Reynolds number from 2 to approximately 4 million with the net
removed had almost the same effect on the extent of separated hminar flow
as did an increase in turbulence level for a constant value of Reynolds
nuniberof 2 miJlion. These results are a good example of an increase in
free-stream turbulence raising the effective Reynolds number of the flow.

kdysis Of Conditions Iktermfig the occurrence and
Extent of Lsminar-Separation Bubbles

h analyzing the conditions which determine the occurrence and extent
of kminar-separa.tionbtibles two basic questions are involved: (1) Under
what conditions will a bubble be formed and (2) what is the extent of the
btible when one is formed? As mentioned in the INTROIXETION, the forma-
tion of a bubble depends on two phencmena: The laminar boundary-layer
flow must separate frcm the surface (transitionmust not preclude separa-
tion) and the detached flow follow3ng separation must reattach to the sur-
face. It is convenient, however, for purposes of analysis to consider the
first of these two phenomena which determines the occurrence of a bubble
in terms of the extent of separated flow. Jn so doing, the conditions
which cause transition to preclude separation and the fozmation of a bubble
(a bubble of zero length) maybe thought of as special conditions which
arise from and are a part of the general conditions controlling the etient
of separated flow. In the following sections, therefore, the discussion
is divided into two parts. W the first, consideration is given to the
conditions which determine whether or not flow reattachment wild.occur,
while in the remainder of the discussion consideration is given to the
extent of separated flow when a bubble is formed, including bubbles of
zero extent.

.

.
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Data from the current investi@tion are tabulated in table III in the
form of nondimensional lengths and parameters employed during this and
previous investigations. Due to the uncertainties in the positions of
laminar separation, data for conditions near midchord on the NACA 663-01.8
airfoil are not presented. It is to be emphasized that the data are based
on measurements of the boundary-layer tlM.clmessat separation bsep for
a Reynolds number of 2 million. The values of bsep for other Reynolds
numbers were computed by assuming that the boundary-layer thiclmess varied
inversely with (UseP/Uo)~~ for a given angle of attack.

Flow reattachment.- The first interpretation of the flow in regions
of separated lsminar flow was probably that made by von Doenhoff (ref. 3)
on the basis of some measurements along a flat plate in a stream with an
adverse pressure gradient. Considering the flow near an airfoil leading
edge, von tienhoff speculated that following hminar separation detached
flow continues downstream along a path which is essentially a tangent to
the surface at the position of separation (see accmpnying sketch). At
some point along this path transition takes place and the resultant expan-
sion of the turbulent fluid effec-
tively serves to deflect the inner
bounds,ryof the detached flow back
toward the surface. The point at
which this inner boundary of the
detached flow touches the surface
corresponds to the position of flow
reattachment. Von Doenhoff assumed
that RL = Use#/v can be taken as

a constant, - suggested a value of
50,000 on the basis of his experi-
mental results. With the $pread of
a turbulent jet as a criterion, the
deflection angle 0 was taken to
be 15°. The extent of a region of
separated flow is determined graphically, and the conditions under which
flow reattachment will not occur are determined by the lengths of sepa-
rated laminar flow for which the deflected flow after transition does not
touch the surface.

This sMple picture of a region of separated flow has provided a good
qualitatim basis for exphining many of the effects of Reynolds number on
the maximum lift and stalling characteristics of airfoil sections (e.g.,
refs. 10 and 19),and is remarkable in that it was developed with a mini-
mum of experimental evidence. However, it was never intended to furnish
a strict quantitative description of the flow processes involved.

To illustrate the limitations of this description of the bubble, the
accompanying table presents values of the effective deflection angle 0
ascertained from results of this investi~tion. The values were obtained
graphically frcm the measured positions of separation, transition, and
flow reattachment and the paths of separated laminar flow were approxhnated

with lines -nt to the surface at the positions of separation.

— .- —.-. .. .—— —— — .— - .— —
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NACA 0010 (Modified) NACA 663-01-8

Effective deflection angle Effective deflection angle
a, OforR= ay eforR=
deg deg

2XJ-06 hxloe 6xI08 Zxlos 3xl.o’3 6xI.08
4 (1) 150 P 7 5~o p60 60

6 20° 34° 12° 9 ~“ 28° 15°

8 28° 26° 150 11 320 ~80 23°

10 42° a“ () 13 20 26° 26°
13 fio 100 (:) 15 4;0 35° 280

‘1

1 position of flow reattachment not measured.
(z Ihibblet00 small to determine value of 19.

At first appearance it would seem that no unique value of 19 exists.
It must be remembered, however, that these tabukted values of e depend
on the direction of the sepaiated flow assumed between the positions of
separation and transition. ‘~ the path of the detached flow deviated )

significantlyfrom a line tangent to the surface at the position of sepa-
ration, the values of 19 listed in the table would be incorrect. Conse-
quently, the current results are not sufficient proof to conclude that no .

unique value exists for an effective deflection angle. It is possible
that the physical concept of an effective deflection angle having a con-
stant value is essentially correct, in which case the tabulation may be
interpreted to indicate that the path of the detached flow cannot be
approximated by a line tangent to the surface at the position of se&ra-
tion. The primary cause for the disagreement between von Doenhoff’s
assumptions and the current results cannot be assessed with the available
evidence. Nevertheless, it is apparent that the schematic representation
of a bubble from reference 3 overs~lifies the process of flow reattach-
ment in a laminar separation bubble. It is of interest to note that flow
reattachment, as indicated by a tie tangent to the surface at the posi-
tion of separation, the experimental values of L, and a value of 0 of
15°, would not occur on the NACA 663-018 airfoil at a Reynolds number of
2 million for any of the angles of attack shown in the table.

The-occurrence.of flow reattachment as given by the schematic repre-
sentation of a bubble from reference 3 is, of course, also dependent on
the extent of separated laninar flow L. The length L, however, appears
to be closely re~ted to the total extent of separated flow X, and the
validity of the assumption that RL is a constant having a value of
50,000 is discussed later. .

Since von lbenhoff’s original speculations concerning the characteris-
tics of a laminar sepamtion bubble, only Maekawa and Atsumi (ref. 9) .
and Owen and Klamfer (ref. 14) are known to have suggested what the condi-
tions are which determine whether or not sepa~ted flow will.reattach
once laminar separation does take phce. Maekawa andAtsurni obtained

--—— -.
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measurements of regions of separated flow downstream of the intersection
of ti70plane surfaces. On the basis of these measurements they concluded
that reverse flow in the bubble forms a vortex motion which attracts the
detached flow toward the surface. Fluw reattachment will not occur unless
sufficient vorticity is supplied to maintain this vortex motion. As a
measure of the vorticity required for the occurrence of reattachment
Msekawa and Atsumi suggested that the boundary-hyer Reynolds number

%t~ep must be greater than a critical value of approximately 3200.

They also suggested that if the Reynolds number based on the total extent
of separated flow Rx becomes too large, it is impossible to maintain
the vortex against dissipation. As a result ~ must be less than a
certain critical value which they found depends on the turbulence level
of the free stream. For a turbulence level about eqpal to that for the
present investigationwithout the turbulence net installed, Maekawa and
Atsumi found the critical value of ~ to be 75,000. The first of these
Ix*7oconditions is essentitiy the same as a criterion proposed by Owen
and Klanfer based on an analysis of avaikble experimental data including
some measurements obtained in supersonic flows. Owen and lQanfer suggest
that reattachment will always occur when %* is greater than approxi-

sep
mately 400 to ~.

Before these criteria are compared with the results frm the current
investi~tion, it is necessary to point out the relationships between the
parameters employed herein and in references 9 and 14. An appro~te
rektionship between L and A from the current results has already been
mentioned (L is approximately 0.8 A, a+ least for a bubble near the lead-
ing edge of an airfoil) so that the critical value of fi from refer-
ence 9 corresponds to approx~tely 60,0M in terms of ~. For condi-
tions at a position of laminar separation, the so-called exact solutions
of the boundary-layer equations of motion for a wide range of pressure
distributions (i.e., Hartree, r~f. 20; Howarth, ref. 21; and Tani, ref. 22)
indicate that the ratio bse /b sep is constant and e~ti to 1.25. tThe
quantity bt for exact solutfons is, of course,’tidefinite but ~ b is
defined as the distant above the surface for which u/U attains a value

b%sep/bsep isappof 0.999, the ratio roxinately constant and equal to
2.0. With these ratios the critical value of the boundary-layer Reynolds
number frm reference 9 becomes 600 in terms of ~sep and, sjmil~ly, a

-e from 500 to 625 for the critical-values suggested in reference 14.
Note that the value fram reference 9 is within the limits givenby
reference 14.

Consider first the concept of the existence of a critical value of .
the boundary-layer Reynolds number at se-tion for the occurrence of
flow reattachment. Table III shows that for all the conditions in the
current tests when a bubble was present, the values of ~sep exceeded

the critical values suggested in references 9 and 14. TO -this efient,

these data are consistent with the criteria in reference reports. Con-
trary to the criterion suggested by Owen and-er, however, the results
from this investigation show that the occurrence of fluw reattachment

— -.— —— . ———--- -———



18 IWCA TM 3m5

.

cannot be determined solely by the use of a unique or critical vslue of

% sep” It is indi-ted in table III that different values of Rbsep

existed on both airfoils for different values of the test Reynolds numbers
immediately prior to the abrupt staXl_s. These values varied from approxi-
mately 9(M to 1900 and 650 to lmO for the NACA 0010 (modified)and
663-~8airfo~s, respectively. Moreover, since F&ep appears to have

been very nearly independent of angle of attack for a given airfoil and
test Reynolds number, the apparently critical values of F&ep were

critical only for the angles of attack at which the airfoils stalled.
This result, however, does not imply that the critical values of ~sep
from references 9 and 14 are in error. It appears, as suggested by
Maekawa andAtsumi, that a value of ~sq equal to approximately 600

represents a lower limit beyond which conditions for flow reattachment
can never occur. A value greater than approximatdy 600 assures otiy
that flow reattachment is possible. It would seem that additional condi-
tions, perhaps simihr to the second one suggested in reference 9, deter-
mine whether or not flow reattachment will occur. However, it is apparent
that the results in table III do not corroborate the second criterion fran
reference 9. Values of ~ as large as 170,002 were measured at the luw
angles of attack which obviously correspondto conditions for which the
separated flow did reattach to the surface. In addition, the trends of
the data for a given angle of attack indicate that values of RL from
approxhately 35,~0 to 70,000 probably existed when flow reattachment
failed to occur and precipitated the abrupt stalls of both airfoils.

Attempts to determine additional conditions for the occurrence of
flow reattachment from the current results were unsuccessful. At the
present time, therefore, the physical.conditions which determine the
occurrence of flow reattachment are, in part, unlmowm It seems probable
that the surface curvature in the region of separated flow has a signifi-
cant effect on reattachment. In this respect it is spectited that the
bubble thiclmess at the position of transition maybe an important param-
eter. If one considers two regions of separated flow having identical.
surface conditions and values of ~ and RL) it seems reasonablesep
that the flow having the thicker bubble at the position of transition
would be the least apt to reattach to the surface. The schematic repre-
sentation of a bubble by von Doenhoff is fundamentally a procedure which
attempts to evaluate such an effect of bubble thictiess. Since, however,
the path of the separated laminar flow probably cannot be defined by a
line tangent to the surface at the position of separation, any analysis
ofparameters involving the bubble thickness must be based either on
extensive and detailed boundary-layer measurements or, perhaps, on treat-
ment of the bubbles as surface distortions or bumps and estimation of the
bubble thicknesses frmn the magnitudes of the perturbation velocities.

Extent of separated flow.- The extent of sepa=ted flow in a bubble
may be considered to consist of two distinct parts in a manner similar to
that described in reference 3. The first and Wger part of the bubble,

.

.
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of course, is the extent of separated laminar flow while the ren@nder
consists of a short region along which the separated turbulent flow
returns to the surface to form a turbulent boundary layer. The current
results indicate, as previously mentioned, that at least near the leading
edge of an airfoil the length of separated laminar flow L is equal to
an approximately constant percentage of the total extent of separated
flow A. This result suggests that there is little to choose frcxubetween
either L or X as a suitable reference length for describing the extent
of a bubble for arbitrary conditions. The use of L, however, seems pre-
ferable in view of the fact that the variables which affect the extent of
kuinar flow (pressure distribution, surface roughness, free-stream tur-
bulence, etc.) are known, at least qualitatively,while the variables
which control the occurrence of flow reattachment are, essentially,
unknown● Accordingly, in the remaining discussion only the length of
separated laminar flow L is considered. The present results suggest
that the total extent of separated flow may be taken equal to approxi-
mately 1.25L.

In reference 3 von Doenhoff, as discussed in the previous section,
speculated that the Reynolds nuniber RL was essentially a constit and
eqti to 50,000. Ewmination of table III reveals that this is a fair
approximation for an average value of RL for all the measurements from
the present investigation. Nevertheless, it is apparent that no one ‘
value of ~ can be considered a universal constsd. The use of a con-
stant value of ~, moreover, is not a realistic approach from physical
considerations since it implies that transition can never preclude laminar
separation.

Maeka.waand Atsumi (ref. 9) also concluded that the term ~ was
a constant and instead suggested a value of 25,000 based on their measure-
ments. Although this result seemingly confirms von Doenhoff’s original
speculation that ~ has a constant value, there is considerable basis
for questioning this result for the measurements reported in reference 9.
For the investigation discussed in reference 9, neither the position of
transition nor the direction of the separated flow downstream of the
intersection of the two,plane surfaces was measured. lh order to ascer-
tain values of L, therefore, Maekawa and Atsumi assumed different
straight-linepaths for the separated lsminar flow and then selected the
paths which eve a constamt value for ~ in agreement with von Ibenhoff’s
schematic representation of a bubble. In view of the previous comparisons
with von Doenhoff’s representation of a bubble, it is apparent that the
basis for this method of analysis is invalid and that the values of ~
in reference 9 are probably in error. Further evidence of the uncertainty
of the correctness of the values of RL presented in reference 9 is the
conclusion of Maekawa and Atsumi that free-stream turbulence up to a value
of 1.7 percent does not affect the value of RL. Such a conclusion is not
corroboratedby the current results (compare tables ~1 and IV for the
NACA 663-018 airfoil).
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The
assuming
that L

fact that RL is not constant should not be surprising. By
~ to be constant, one also assumes, for ti practical purposes,
is dependent only on the velocity outside the boundary layer at

.

the position o; separation Usep. Such an assumption is obviously over-

simplified. However, it is surprising that over 80 percent of the values
of ~ from the present investigation are within a range frcm 25YO00
to 75,000, including most of the measurements obtained with the turbulence
net installed. To examine this result further, consider that

so that for a given value of RL

L 1—.—
62 %1

Sep

The distance s2, introduced as a reference length representative of the
laminar flow, is the exbent of b.minar boundary-layer flti between the
positions of stagnation and separation. Of course any other reference
length could be used to make the quantities dimensionless but Sz should
be useful in the comparison of these results with those of other investi-
gations. i% RL is essentially constant, L/sz should form a ti~e
correlation with Rs

Zsep”
The current re~ts are presented in this man-

ner in figure 15 and it is apparent that the bulk of the data are within
the limits of values for ~ from 25,000 to 75,000. These remts se~e
to ilh.strate tit Usep or, more correctly, some measure of the local
Reynolds number is a prune variable controll@g the extent of separated
laminar flow L. Fundament%dly, therefore, the use of a constant value
of RL is a first-order approximation for &f-g an extent of L for
arbitrary conditions.

It is interesting to note that if, for a given pressure distribution,
bsep/sZ is inversely proportiotito (U /sep ‘o)~~ it is possible to
express constit RL by .

Thus, the correlation shown in
specubtion may be interpreted
bution, an exbent of separated
of a local Reynolds number and

figure 15 and von Doehnoff’s original
to mean that, for a given pressure distri-
laminax flow depends both on sane measure
on the boundary-layer thickness at the

.
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position of separation. Since, for a given Reynolds
known to be a function of the pressure distribution,
that L depends on the pressure distribution.

number, bsep is
this would ~dicate

Essentially the same approach as that demonstmted in figure 15 is
suggested by Bursnall and Loftin (ref. 8).for correlating the extent of
separated laminar flows. They introduce the boundary-layer thiclmess at
the position of separation bsep as a reference length (instead of s1)
and concluded that the ratio L/bseP was a function of the boundary-
Iayer Reynolds number at separation I&ep. They found that their data

together with the measurements frcm references ~ and 6 formed two fairly
distinct correlations - one for conditions near the leading edge of an
airfoil,anda second for conditions near the midchord of a airfoils
Since the measurements near midchord on the NACA 663-018 airfoil are
suspect, the distinction between these two correlationsmay not be sig-
nificant. The trends of both correlations,however, indicated there
probably were critical values of ~sep for which transition would pre-

clude se~ation (i.e., as @sep increased, L/bseP decreased). The

difference between the ti,70correlationswas attributed to differences in
the pressure gradients and in the history of the flow preceding separa-
tion for the two conditions.

The correlation presented in the reference report is reproduced in
figure 16 together with results from the current investi~tion for the
tm70values of turbulence. The bulk of the data from this investigation
conform with the groupings originally defined by Burmall and Loftin, but
it is apparent that, as for the correlation based on the reference length
Sz (fig.15)> there is no simple relationship between L/bseP and R/bseP.

It became evident while comparing the results from this and previous
investigationsthat the absolute magnitudes of L and %ep were inter-
related. In this manner it was discovered that when L/s2 is considered
to be a function of bseP/sZ for the data from the present investigation
for the lower level of free-stream turbulence, a gross correlation is
apparent for all the conditions near the leading edges of the two airfoils
(fig. 17). Results from reference 6 appear to be consistent with the
trend of
equation

Attempts
tions of

this correlation which, for simplicity,
for a straight line.

can be expressed by an

to refine this rehtionship by considering dl and d2 as func-
different measures of pressure gradients were unsuccessful, but

sane dependence of L/sZ on th~ term a- is shown in figure 17. Me
term u (where a = sp/s2 and SP is the distance between positions of
minimum pressure and separation and SZ is,as defined before, the dis-
tance between the positions of stagnation and separation) should be

——-——-. .—— —-.——
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considered an approximate description of the pressure distribution along
the surface upstresm of separation for flow around the leading edge of an
airfoil at moderate to high angles of attack. The trend of the correla-
tion shown in figure 17 s@gests

PI
dl=-

P*-P -

the simple algebmic relationships

and dz = P3 +P4@

where, in view of the lack of complete correction, the exponemts m and n
and the quantities Pi (always positive valued) may depend on some addi-
tional measures of the pressure distribution. No further correlation,
however, was found, but it appears that the terms m, n, and Pi are
essentially constmts. Since the range of u in the correlation is
limited almost exclusively to values less than 0.3, a numerical evaluation
of these terms as constants is not warranted at the present time.

b view of this apparent correlation between L/sz~ bseP/sZ~ ad U
presented in figure 17, one might expect that consideration of the param-
eter u would permit some further refinement in the correlation between
L/sZ andRsZ sho~m in figure 15. Analysis of the data, however,

sep
reveals no simple functional.relationship between L/%y %Zsep) ad a“

Although the rehtionships for L, dl, and U sre empirical and
have no physical basis for their formibtion, the correlation shown in
figure 17 is significantbecause it provides an indication that the extent
of separated bminar flow along a bubble depends in part on the pressure
distribution. Ih this regard, the current results show that as d
increases the quantities dl, and da alSO ticrease; dl ~creases much
more rapidly than d2 and, as u approaches a value of 1.0, dl probably
tends to becme negatively infinite while d2 remains finite. ‘l!hus~SJI
increase in IS tends to decrease an extent of separated laminar flOIT and
approach conditions under which transition would preclude separation.
For values of u approaching 1.0, the existence of separated laminar flow
would be virtually hnpossible except, perhaps, at exceedingly low values
of Reynolds number.

The general applicability of the correction and significance of u
for arbitrary conditions are difficult to ascertain without recourse to
additional experiments. However, some further insight toward this end is
providedby the current data for conditions under which a bubble did not
occur on the two airfoils. For the N!ICA0010 (modified)airfoil for
angles of attack franOO to 3°, inclusive, the minimum pressure was near
the leading edge while l~mfnar separation, as calctited by the method of .
reference 18, would have occurred in the vicinity of midchord. The ratio
of u for these conditions was of the order of 0.9 which, according to
the previous discussion, would tend to eliminate the occurrence of a bubble -
in agreaent with the experimental results. In contrast, the positions of
minimum pressure on the NACA 663-o18 airfoil for angles of attack frcm
0° to 2°, inclusive, were well back slong the chord. The value of c
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for these conditions was of the order of 0.1, a value
with with the trend of the correlation,permitted the
bubble. It is uncertain, however, whether or not the

23

which, consistent
formation of a
extent of separated

laminar flows L for these conditions would fit the correlation shown in
figure 17 for conditions near the leading edges of airfoils. If the posi-
tions of separation ascertained experhentall.y are essentially correct, a
single correction would result which would be ap@icable to conditions
near either the leading edge or midchord. Such a correction would be
significant since it would indicate that the mechanics of the flow in a
bubble are not dependent on local conditions. If, however, the calculated
positions of separation are more nearly correct, the values of L near
midchord do not correlate with the measurements obtained near the leadimg
edges.

For the thicker airfoil in the range of angles of attack from 3°
to 6°, inclusive, the position of minimum pressure suddenly moved forw&rd
to a position just downstream of the leading edge. The calctitedposi-
tions of lsminar separation, however, remained near midchord up to an
angle of attack of 5° and CJ was of the order,of 0.9; for 6° angle of
attack, separation would have occurred nearer the leading edge and a
‘wasprobably of the order of 0.6. Thus, the expertientd results for the
NACA 663-018 airfoil in the intermediate -e of angles of attack are
also consistent with the general trend of the correction shown in
figure 17.

It is evident frm the preceding discussion that at the present time,
the physical conditions which control the extent of separated Mminar flow
along a bubble are not kno~m cmpletely. The current results, it is
thought, indicate that the principal factors which determine au extent of
separated laminar flow are sane measure of the local Reynolds number of
the kminar boundary-layer flow and the boundary-hyer thickness at the
position of laminar separation. The pressure distribution upstream of
separation, as described by the parameter a, also affects the length of
separated laminar flow. There are, however, many ramifications involved
and the correlations presented may only show the trends of existing data.
Additional measurements of bubbles, particularly for conditions when a
is greater than 0.3, are required to verify these trends. It is to be
emphasized, moreover, that these trends correspond to conditions for only
one value of free-stresm turbulence and an aerodynamically smooth surface.

CONCLUSIONS

Measurements have been presented from an experimental investigation
of regions of separated flow caused by separation of the laminar boundary
kyer (Iaminar separation “bubbles”). The measurements, obtained near
the leading edges of hTo airfoils for a wide range of angles of attack
and Reynolds numbers, have been compared with similsr results fran previ-
ous investigationsand lead to the following conclusions:

..— ----- ——.——— ——— —- .———
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1. me Ihysiti conditions which determine whether or not a bubble
wiU form after the occurrence of hminar separation are, as yet, unknown.
In this regard, however, a~ently a necessary condition for the occur-
rence of a bubble, although not a sufficient condition, is that the
boundary-layer Reynolds number at the position of laminar separation must
be greater than a certain critical value; this critical value, determined
by previous investigatorsand consistent with current results, is of the
order of %)0, based on the boundary-layer displacement thiclmess.

2. The extent of separated laminar flow along a bubble is approxi-
utely 75 to 85 percent of the total extent of separated flow, at least
for conditions near the leading edge of an airfoil.

3. The extent of separated lsminar flow along a bubble is dependent
primarily on both the boundary-layer thictiess at the position of Iaminar
separation and on some measure of the local Reynolds number of the bminar
boundary-layer flow.

4. There appears to be scme relationship between the extent of sepa-
rated laminar flow and the pressure distribution as described by the ratio
of the distance between the positions of -mnimumpressure and hminar .

separation to the distance between the positions of stagnation and laminar
separation.

5. An increase tithe free-stresm turbulence reduces the extent of
separated laminar flow in a m4nner somewhat analogous to an increase in
the Reynolds mmiber.

6. The position of transition to fullyturbulent flow along a bubble
can be asce~ined with good accuracy frcm detailed surface pressure-
distributionmeasurements.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics

Moffett Meld, U., June 6, 1955

.
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AFPENDIX A

OF TEE TRANSITION POINT FROM ~

PRESWRE DISTRIBUTIONS

Most of the previous experimental.investi~tions of the bubble have
shown an abrupt pressure increase along the surface upstream of the point
where flow reattachment was considered to have taken place. Ikcause of
the abruptness of the pressure rise, the pressure distribution can be
faired with an abrupt break in the curve which, where sufficient data are
available, appears to coincide with the position where transition was
completed. If this apparent correlation is generally true, it a~ears to
offer a remarkably simple means for determining the transition point.l
Moreover, the position of transition could be determined without a probe
and its attendant interference.

Accordingly, at the beginnimg of the e~erimental investigation,
detailed measurements of pressure distributions were obtained over the
leading edge of the NACA 0010 (modified)airfoil.(fig. 4) and the posi-
tion of the break in the faired curve was determined as ind3.catedby the
schematic diagram.

Fairing of the curves WZE, in some instances,arbitrary but inmost
cases a break could be either pinpointed or
defined along a short extent of surface less
thm hdf the distance between adjacent
pressure orifices. By plotting these posi-
tions or regions of the breaks as a function
of angle of attack, it was found that a
smooth curve could be drawn which was arbi-
trary within extremely narrow limits. The s ~timh
limits were generally within s/c equal.to
*0.0~5, although for the lower angles of
attack and Reynolds numbers the break took
phce between more widely spaced orifices
and the uncertainty was of the order of qk —
*o ● 001.

The positions of transition were then determined by use of the hot-
wire anemometer. The hot-wire probe was placed at a given chordwise
station and the angle of attack increased in 0.25° increments. For the
lower sngles of attack, the flow was steady. Gradual increases in amgle
of attack led to the intermittent a~pearsace of completely randan dis-
turbances characteristic of turbulent flow. When completely turbulent

%fenninger (ref. 23) has used this method to determine the position
of transition in regions where flow sepamtion does not occur.

. . ——.—— —-——— — — —. —. ——–—
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flow persisted, the angle of attack was noted and transition for that
particub,r stationwas taken as having occurred midway in the final
angle-of-attack increment.

The comparison between the breaks in the pressure diagrams and the
hot-wire observations is shown in figure 18. Withiu the accuracy of the
&t-a, the two types of measurements give identical results. Since subse-
quent measurements revealed that the presence of the probe did not change
the supposed position of transition indicated by the pressure distribu-
tions, it is concluded that the position of transition in a bubble may be
determined easily sad accurately frcm pressure-distributiondiagrams.
The positions of transition, therefore, were determined throughout the
remainder of the investigation in this manner. In those cases where
transition occurred between widely spaced pressure orifices, the pressure-
distribution determinationswere augmented with hot-wire observations for
increased accuracy.

It is suggested that a second method, which would permit the use of
fewer orifices, for determining the position of trmsition on an airfoil
may be practicable. If the pressure coefficients for a given chordwise
station (and Reynolds number) are plotted versus angle of attack, a break ..

also occurs which coincides with the abrupt pressure increase accompany-
ing the passing of transition over the orifice. A typical example of
this-second method is shown in figure 19. The angles of attack for which
laminar separation and transition occurred at the static-pressureorifice
are indicated on the figure as determined from figures 6 and 8, respec-
tively. Finer increments in angle of attack would provide a better deter-
mination of the position of transition with this second method than that
shown by the figure. It seems doubtful, however, if one method would be
more accurate than the other.
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TAELE I.- COORDINATES OF TEE AIl%?OIGSECTIONS

Ration,
?ercent
chord
o

●5
● 75

1.25
2.50

?;
10.0
15
20
25
30

E
45
50

%
65
70
75
80
85
90
95
100

!iACA 0010 (modified)

\irfoil section ordinate, percent chord

NACA 66?-018

o
1.08
1*Q
1.64
2.21
2.94
3.433
3.&37
4.352
4.724
p:

5:255
5.253
5.164
:.;%

4:401
3.982
3.481
2.910
2.329
1.747
1.166
.583

0
I.E.radius,
ercent chord:

1 ● 304

0
1.323
1.571
1.952
2.646
3.690
4.513
50210
6.333
7.188
7.848
8.346
8.701
8.918
8.998
8.942
8.733
8.323
7.580
;.;g

4:206
2.934
1.714
.646

0

1.955

c,

. — —— ..
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TABLE II.- LOCATION OF PW3SURE CIRIl?IcEs

FACACKiLo(idlfied)

Chordwtse Dlsi2nce Chordwhe Distmlc(
Stitlon stationalmg

x/c x/c

(~) %2”’ (Ilodn91) %%”
o 0 0.075 O.ofx
.OCeo .(!035 .lo .13.2
.0025 .0070 .15 .163
.O@ .0076 .2 .213
d+ .C@3 .25 .263

:3
.W .3 .33
.0U3 .35 .363

.007 .CuI. .4 .413

.009 .0144 .45 .463

.o@ .Om .5 .m-3

.O1o an .53 .553

.CU* .o183 .6 .6u

.012 .0w6 .65 .653

.OI.3 .Cm8 .nk

.~ha .- :;5 .764

.OI.5 .0233 .8 .&4

.016 .CQ42 .85 .855

.o17 .CQ55 .s7

.0u% .0267 :;5 .*

.020 .a287

.(E2 .Ogo

.Cek .0330

.C@6 .035Q

.028 .0373

.030 .0393

.032 .0414

.034 .C435

.036 .0455

.038 .0477

.042 .a7

.045 .-.0559

.05
mcA65348

0 0 0.103 0.119
.Oq .oa25 .15 .170
.Om. .CQ47 .221.
.Oas .oo7k :;
.W?

1]

.0034.*) .4 :E
.00P .0123ally .5 .5=
.005F .Olm .o149
.COs

.55
.cu68

.772
.60 .622

.007 ala? .61 .632

.008 .0w4 .62 .643
Jw .@@ .63 .653
.O1o .64
.(W+ :Z (.(X2389).6’s

.653

.683
.CU4 .0270 .69 .7*
.(n6 K@ .70 .724
.a8 .0317 .72 .745
.@o .0339 .74 .765
.O@ .0394 (.03W) .76

.&w
.7%

.030 .78

.033 .050’4 .83

.040 .05y3
:2

.85
.045 Oslo

.6’9
.9

.(%57
.930

.Ow -95 .*

.075 .C@o . l.aa
.
Wklfices on uppr surface exceptat datlons

siarkedvith a which vereonboth upperand. lower surfaces.

,-
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TABLE III.- SUMMARY OF DATA FOR ~ LEVEL OF 0.15 TO 0.20 PERCENT
(WED ON THE ROOT-MEAN-SQUARE VALUE OF TBIIFLUCTUAKUTG CQMPONENT ~.
TEE STREAWEE DDIECTION)
(a) NACA 0010 (mMified) Airfoil. (b) NACA 663-018Airfoil.

z % 7 8 9 10 U. u 13 * 4

X@& 3.92 2.bo l.m ..@ ..bl 1.33 Las 1.22 1.26

‘(5/.)+ 2..% 2.% 2.3b 2-27 2.M 1.* Lm 1.77 1.T3
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“1 0.W3 0.33.U O.@ 0.223 oa17 0.2370.2& O.ao O&

Lfad 4.61 1.85 1.33 l.b 1.s7 1J3 l.m O.ti 0.77

I
1.5
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l.n .s .@~.u lLS412.b6la.s12.7U~.73

m17m17$o 173u17%17201@o16B91U4
1.5

—

2.0

.
F@3-~ @ &9.4 %.b 3.6 4.9 bag b2.8 4.5 2A
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w rv*-SUMMARYOF DATA FOR TWHKENW LEVEL OF N?PROXCMATELY 1.1
PERCENT(EASEDON THEROOT-MEAN-SQUARE VALUE OF THE FLUCTUATING COM-
PONKMT IN THE s~ DIRECTION) NACA 663-01_8AIRFOIII
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-4=-l-l5.495.355.23

2.64 2.74 2.87[1.89 2.06

#

2.132.39 2.50

30.3 33.3 33.4

0.680.67 0.65

1.75

30.038.0 34.5133.3132.7 I32.9

0.6510.64 10.62I0.88 0.781.07

++

6.37 6.58 6.90

2.62 2.82 2.93

34.0 36.1 36.3

5.49

*

5.705.88 6.x2
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0.4910.4910.48 I

k
L/cx2&

Sz/cXl&

3.0
Sep/uo
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A-17259

Figure 1.- The NAC!A663-018airfoilinstalledin the Ames 7- by lo-foot
wind tunnel.
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Figure 2.- The boundary-hyer-survey
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